deletion potentiates urine concentrating capability after water deprivation. Am J Physiol Renal Physiol 302: F1005-F1012, 2012. First published January 11, 2011 doi:10.1152 doi:10. /ajprenal.00508.2011 plays an important role in the regulation of fluid metabolism chiefly via antagonizing vasopressin-induced osmotic permeability in the distal nephron, but its enzymatic sources remain uncertain. The present study was undertaken to investigate the potential role of microsomal PGE synthase (mPGES)-1 in the regulation of urine concentrating ability after water deprivation (WD). Following 24-h WD, wild-type (WT) mice exhibited a significant reduction in urine volume, accompanied by a significant elevation in urine osmolality compared with control groups. In contrast, in response to WD, mPGES-1 knockout (KO) mice had much less urine volume and higher urine osmolality. Analysis of plasma volume by measurement of hematocrit and by using a nanoparticle-based method consistently demonstrated that dehydrated WT mice were volume depleted, which was significantly improved in the KO mice. WD induced a twofold increase in urinary PGE2 output in WT mice, which was completely blocked by mPGES-1 deletion. At baseline, the KO mice had a 20% increase in V2 receptor mRNA expression in the renal medulla but not the cortex compared with WT controls; the expression was unaffected by WD irrespective of the genotype. In response to WD, renal medullary aquaporin-2 (AQP2) mRNA exhibited a 60% increase in WT mice, and this increase was greater in the KO mice. Immunoblotting demonstrated increased renal medullary AQP2 protein abundance in both genotypes following WD, with a greater increase in the KO mice. Similar results were obtained by using immunohistochemistry. Paradoxically, plasma AVP response to WD seen in WT mice was absent in the KO mice. Taken together, these results suggest that mPGES-1-derived PGE2 reduces urine concentrating ability through suppression of renal medullary expression of V2 receptors and AQP2 but may enhance it by mediating the central AVP response. aquaporin-2; PGE 2, vasopressin THE MAINTENANCE OF WATER BALANCE relies on renal control of urine concentrating capability, which is chiefly determined by the hormonal regulation of water permeability in the collecting duct (CD) (4, 5). AVP is a primary regulator of osmotic water permeability in the CD. AVP is synthesized in the hypothalamus and stored in vesicles at the posterior pituitary, where it is released into the bloodstream in response to a rise in plasma osmolality. A primary mechanism by which AVP controls urine concentration involves PKA-dependent phosphorylation of the water channel aquaporin-2 (AQP2) that leads to shuttling of the channel to the apical membrane in the CD (22, 23). Besides AVP, locally produced autocrine/paracrine factors, such as PGs, also participate in regulation of water excretion.
THE MAINTENANCE OF WATER BALANCE relies on renal control of urine concentrating capability, which is chiefly determined by the hormonal regulation of water permeability in the collecting duct (CD) (4, 5) . AVP is a primary regulator of osmotic water permeability in the CD. AVP is synthesized in the hypothalamus and stored in vesicles at the posterior pituitary, where it is released into the bloodstream in response to a rise in plasma osmolality. A primary mechanism by which AVP controls urine concentration involves PKA-dependent phosphorylation of the water channel aquaporin-2 (AQP2) that leads to shuttling of the channel to the apical membrane in the CD (22, 23) . Besides AVP, locally produced autocrine/paracrine factors, such as PGs, also participate in regulation of water excretion. PGE 2 is a major prostanoid produced in the kidney, and it has an established role in the regulation of water homeostasis. In the microdissected nephron segments, the inner medullary collecting duct (IMCD) has the highest capacity of PGE 2 generation (1). In IMCD, PGE 2 exerts dual effects on CD water permeability (2) . When added to the AVP-prestimulated CD, the E series of PGs potently inhibit water absorption and cAMP accumulation (7, 9, 10) , consistent with their in vivo diuretic effects (19) . However, in the absence of AVP, basolateral PGE 2 increases osmotic water absorption (10) . Additionally, PGE 2 may indirectly regulate water excretion by reduction of osmotic gradient via inhibition of solute transport in the thick ascending limbs (TAL) (36) or by an increase in renal medullary blood flow (33, 34) .
To date, three major forms of PGE synthase (PGES) have been cloned and characterized: microsomal PGES (mPGES)-1, mPGES-2, and cytosolic PGES, with mPGES-1 being the best-characterized PGES (25) . Expression of mPGES-1 is induced by proinflammatory stimuli, often in parallel with the expression of cyclooxygenase-2 (COX-2) (27, 29) . whereas the expression of mPGES-2 and cPGES is rather constitutive. Within the kidney, cPGES was mainly expressed in the collecting duct (39) while mPGES-2 had a wide distribution (38) . Recently, mice have been engineered with specific deletions in each of these three PGES enzymes. Although each of the enzymes is capable of generating PGE 2 in vitro, only deletion of mPGES-1 but not mPGES-2 or cPGES affects tissue or urine PGE 2 levels in vivo (12, 26, 30, 37) . The functional role of mPGES-2 and cPGES remains elusive.
Within the kidney, mPGES-1 predominates in the CD, a major site for production and action of PGE 2 . In light of the well-recognized role of PGE 2 in the CD as discussed above, we postulate that mPGES-1 may be involved in regulation of urine dilution and concentration. The importance of this investigation is also highlighted by the rising interest in mPGES-1 inhibitors as a next generation of analgesics; a better understanding the physiological function of mPGES-1 will help predict the safety profile of mPGES-1 inhibitors. Using mPGES-1 knockout (KO) mice, we demonstrated an essential role of mPGES-1 in the regulation of water metabolism (17, 35) . mPGES-1 deletion significantly delayed the diuretic response following acute water loading and markedly improved the polyuria induced by lithium treatment (12, 27) . In extension of these observations, the present study provides evidence for a role of mPGES-1 in regulation of urine concentrating capability during WD.
METHODS
Animals. mPGES-1 WT and KO mice were originally generated by Trebino et al. (37) . This mouse colony was propagated at the University of Utah and maintained on a mixed DBA/1lacJxC57/BL6x129/Sv background. In all studies, 3-to 4-mo-old male mice were used. All protocols employing mice were conducted in accordance with the principles and guidance of the University of Utah Institutional Animal Care and Use Committee.
WD. Male mPGES-1 WT and KO mice were subjected to 24-h WD by removing water bottles from the metabolic cages where the mice were housed (Hatteras Instruments). The control groups of animals had free access to water and standard food, while the WD groups were provided only with standard food. Urine (24 h) was collected, and the urine volume and osmolality were measured. After the urine collection, mice were euthanized and kidneys were harvested for gene expression analysis.
Hematocrit measurement. The sphenous vein was punctured using a 23-gauge needle, and one drop of blood (Ϸ5-10 l) was collected by using a 10-l capillary glass (Idaho Technology, Salt Lake City, UT). One side of the tube was sealed with Hemato-Seal and then centrifuged for 2 min in a Thermo IEC (Boston, MA) microcentrifuge machine.
Nanoparticle measurement of plasma volume. Measurement of plasma volume is traditionally reliant on the use of a dye tracer such as indocyanine green and Evans blue, which suffer numerous drawbacks including binding plasma proteins. Eisner et al. (3) have recently developed a nanotechnology-based method for accurate measurement of plasma volume in mice. Briefly, conscious mice received the fluorescent nanoparticle atto647 via a single bolus injection of suspension (100 g in 50 l of saline) into the tail vein. Seven minutes after tail vein injection, whole blood samples were collected via puncturing of the submandibular vein. Fluorescence measurements were performed by using FluostarOptima (BMG Labtech). Plasma volume was determined based on the dilution factors.
Immunoblotting. Lysates of the kidney medullary tissue were stored at Ϫ80°C until assayed. Protein concentrations were determined using a Coomassie reagent. An equal amount of the whole tissue protein was denatured at 100°C for 10 min, separated by SDS-PAGE, and transferred to nitrocellulose membranes. The blots were blocked overnight with 5% nonfat dry milk in Tris-buffered saline (TBS), followed by incubation for 1 h with rabbit polyclonal antibodies against AQP2 (gift from Dr. Mark A. Knepper). The blots were washed with TBS followed by incubation with goat anti-rabbit horseradish peroxidase (HRP)-conjugated secondary antibody for AQP2. Immune complexes were detected using enhanced chemiluminescence methods. The immunoreactive bands were quantified using the Gel and Graph Digitizing System (Silk Scientific).
Immunohistochemistry. Kidneys from the mPGES-1 WT and KO mice after 24 h WD were fixed with 3% paraformaldehyde and embedded in paraffin. Kidney sections (4-m thickness) were incubated in 3% H 2O2 for 10 min at room temperature to block endogenous peroxidase activity. The slides were boiled in antigen retrieval solution (1 mmol/l Tris·HCl, 0.1 mmol/l EDTA, pH ϭ 8.0) for 15 min at high power in a microwave oven. The sections were incubated with anti-AQP2 antibody by a dilution of 1:2,000 overnight at 4°. After washing of sections with PBS, the secondary antibody was applied, and the signals were visualized using the ABC kit (Santa Cruz Biotechnology).
Enzyme immunoassay. Urine samples were centrifuged for 5 min at 10,000 rpm and diluted 1:1 with enzyme immunoassay buffer. Concentrations of urinary PGE 2 were determined by enzyme immunoassay (Cayman Chemical, Ann Arbor, MI) according to the manufacturer's instructions. The plasma AVP level was also determined by an enzyme immunoassay (EIA) kit (Cayman Chemical) following the manufacturer's instructions.
Quantitative RT-PCR. Total RNA was isolated from renal tissues using TRIzol. One microgram of total RNA was denatured at 65°C for 5 min, and cDNA synthesis was then performed at 42°C for 1 h using Superscript reverse transcriptase (BRL, Gaithersburg, MD). Oligonucleotides were designed using Primer3 software (available at http:// frodo.wi.mit.edu). The sequences of the oligonucleotide primers in the public sequence are as shown in the Table 1 . Quantitative (q) PCR amplification was performed using SYBR Green Master Mix (Applied Biosystems) and the Prism 7500 Real-Time PCR Detection System (Applied Biosystems). Cycling conditions were 95°C for 10 min, followed by 40 repeats of 95°C for 15 s and 60°C for 1 min.
Data analysis. Data are summarized as means Ϯ SE. Statistical analysis was performed using one-way ANOVA or Student's t-test as appropriate. P Ͻ 0.05 was considered statistically significant.
RESULTS

Effect of mPGES-1 deletion on urine concentrating ability after 24-h WD.
Dehydrated WT mice had reduced urine volume (0.79 Ϯ 0.12 vs. 1.22 Ϯ 0.22 ml, P Ͻ 0.01) and elevated urine osmolality (2,877.6 Ϯ 323.3 vs. 2,019.64 Ϯ 239.3 mosmol/kgH 2 O, P Ͻ 0.01) (Fig. 1, A and B) . At baseline, neither urine volume nor urine osmolality was different between WT and mPGES-1 KO mice. However, in response to WD, the KO mice had a much lower urine volume ( 0.374 Ϯ 0.11 ml, P Ͻ 0.01 vs. WT/WD) and much higher urine osmolality (3,836.3 Ϯ 523.3 mosmol/kgH 2 O, P Ͻ 0.01 vs. WT/WD) (Fig. 1, A and B) , suggesting enhanced urine concentrating ability.
Effect of mPGES-1 deletion on plasma volume. Improved urine concentrating ability in mPGES-1 KO mice may lead to better preservation of plasma volume in response to WD. We initially measured hematocrit as an indirect assessment of plasma volume. As expected, WD elevated hematocrit from 51.84 Ϯ 0.88 to 61.3 Ϯ 2.17% (P Ͻ 0.01) in WT mice, indicating volume depletion. In contrast, WD-induced elevation of hematocrit was less in the KO mice, suggesting 
See text for definitions. (Fig. 2A) . Subsequently, we performed a newly developed nanoparticle-based method to directly measure plasma volume. At baseline, plasma volume was not different between the genotypes; after WD, plasma volume was deceased in both genotypes, but this decrease was less in the KO mice (Fig. 2B) .
Effect of mPGES-1 deletion on expression of renal medullary transporters. The expression levels of AQP2, Na-K-Cl cotransporter (NKCC2), and urea transporter A (UTA) are key determinants of urine concentrating capability. AQP2 and UTA (20) are abundantly expressed in the CD, and NKCC2 is mainly expressed in the thick ascending limb. We examined the effect of mPGES-1 deletion on the expression levels of these transporters following WD. WD elevated renal medullary AQP2 mRNA by 60% in WT mice (P Ͻ 0.05 vs. control), with 110% upregulation of AQP2 mRNA in mPGES-1 KO mice (P Ͻ 0.05 vs. WT/WD) (Fig. 3) , contrasting to unaltered NKCC2 mRNA in any groups (see Fig. 6C ). Immunoblotting detected AQP2 protein as multiple bands of 35-50 (glycosylated) and 29 kDa (native) in the medulla (Fig. 4) . Consistent with the mRNA data, the abundances of 29-and 35-to 50-kDa bands in WT mice exhibited a trend and significant increase in response to WD, respectively (Fig. 4) . The elevation of 35-to 50-kDa bands but not the 29-kDa band was potentiated by mPGES-1 deletion, indicating a potential role of glycosylated AQP2 in the regulation of urine concentrating ability during the WD (Fig. 4) . Immunohistochemistry showed the significant increase in AQP2 abundance in the renal medulla after WD with a higher induction in the KO mice (Fig. 5) . Moreover, WD strikingly elevated UTA1 (Fig. 6A) and UTA3 (Fig. 6B) mRNA expression in the renal medulla of mPGES-1 KO mice by 2.1-and 2.5-fold, respectively, with no effect in the mPGES-1 WT mice.
Effect of mPGES-1 deletion on plasma AVP and renal V 2 receptor expression levels. AVP via V 2 receptors targets AQP2, thereby determining water permeability in the CD.
Thus we measured plasma AVP by using EIA and renal medullary V 2 mRNA by using qRT-PCR. As expected, WD significantly elevated plasma AVP levels (246.7 Ϯ 52.4 vs. 147.5 Ϯ 29.3 pg/ml, P Ͻ 0.01) in WT mice. In contrast, the AVP response was completely blocked by mPGES-1 deletion (Fig. 7A) . By qRT-PCR, renal medullary V 2 mRNA was significantly elevated in mPGES-1 KO mice under both control and dehydration states compared with WT controls; the expression was unaffected by WD irrespective of the genotype (Fig. 7B) .
Effect of mPGES-1 deletion on PGE 2 production. Urinary excretion of PGE 2 generally reflects renal synthesis. We measured urinary PGE 2 output by using EIA. WD induced a significant increase in urinary PGE 2 excretion in WT mice (892.04 Ϯ 191.1 vs. 558.8 Ϯ 69.5 pg/24 h, P Ͻ 0.05). In contrast, mPGES-1 KO mice had reduced baseline PGE 2 excretion (383.5 Ϯ 79.3 pg/24 h, P Ͻ 0.05 vs. WT/Control) that did not respond to WD at all (286.2 Ϯ 79.9 pg/24 h, P Ͼ 0.05 vs. WT/WD) (Fig. 8A) . This finding suggested mPGES-1 as a dominant source of renal PGE 2 synthesis during WD. Next, we examined the regulation of key enzymes in PGE 2 biosynthesis in the renal medulla by using qRT-PCR. Interestingly, only COX-2 mRNA was elevated in response to WD, contrasting with the lack of response of COX-1 and any of the three PGES isoforms (Fig. 8, B-F) . mPGES-1 KO mice displayed a compensatory response in the expression of COX-1, COX-2, mPGES-2, and cPGES under basal or WD conditions (Fig. 8, C-F) . The immunoblot analysis of mPGES-1 and mPGES-2 in the medulla of WT mice further confirmed the real-time PCR results ( Fig. 9, A and B) showing the unaltered protein levels after WD.
DISCUSSION
mPGES-1 has been characterized as a primary PGES with implications for serving as a molecular target for the next generation of anti-inflammatory drugs (25, 37) . It is of critical importance to understand the potential role of this enzyme in physiological processes. Increasing numbers of studies support a physiological role of mPGES-1 in renal control of sodium and water balance and blood pressure. In particular, our previous studies demonstrated an impaired diuretic/natriuretic response in mPGES-1 KO mice following acute water or salt loading or lithium treatment; these mice were susceptible to hypertension development or fluid retention in response to ANG II infusion, chronic salt loading, or aldosterone or DOCA-salt treatment (14 -18) . However, other investigators found no role for mPGES-1 during chronic salt loading. Employing mPGES-1 KO mice, the present study provides additional evidence supporting an important role for mPGES-1 in the regulation of water homeostasis during WD. We found that mPGES-1 deletion potentiated urinary concentrating capability after WD, as reflected by more effective reduction of urine volume and elevation of urinary osmolality and better preservation of plasma volume. The enhanced urine concentrating capability in the null mice was associated with increased renal medullary expression of the V 2 receptor, AQP2, UTA1, and UTA3 receptors but not NKCC2. Paradoxically, these mice exhibit a suppressed but not enhanced response to plasma AVP.
Previous in vitro studies suggest a complex roles for PGE 2 in the regulation of water permeability in the CD (2) . When added to the AVP-prestimulated CD, the E series of PGs potently inhibit water absorption and cAMP accumulation (7, 9, 10) . However, in the absence of AVP, basolateral PGE 2 increases osmotic water absorption (10) . The availability of mPGES-1 KO mice offers a unique opportunity to evaluate the in vivo role of endogenously produced PGE 2 in renal water handling. Under baseline condition, we found no difference between the genotypes in terms of changes in urine volume or urine osmolality. However, following WD, mPGES-1-null mice were more effective than their WT controls in reducing urine volume and increasing urine osmolality, and in preserving plasma volume. These findings establish an in vivo role for mPGES-1-derived PGE 2 in the negative regulation of urine concentration. In general, these findings support the inhibitory effect of PGE 2 on AVP-induced water permeability in the CD but provide no evidence for the stimulatory effect of PGE 2 on baseline water permeability.
The inhibitory effect of mPGES-1-derived PGE 2 on AVPinduced water permeability is compatible with the diuretic property of this prostanoid. Consistent with this notion, our previous studies report that mPGES-1 deletion attenuates the diuretic response to acute water loading and lithium- Fig. 7 . Plasma AVP and renal medullary V2 mRNA expression in mPGES-1 WT and KO mice following 24-h WD. A: plasma AVP was measured by using enzyme immunoassay (EIA). B: renal medullary V2 mRNA was determined by using qRT-PCR and normalized by ␤-actin; n ϭ 6 -9/group. Values are means Ϯ SE. In addition to the peripheral effect of PGs in the CD, a sizable literature documents central mechanisms by which PGs regulate fluid metabolism. Although systemic administration of PGE 1 induces a diuretic response (28) , an intracerebroventricular (icv) injection of PGE 2 in rabbits (8) and rats (31) increased the concentrations of the antidiuretic hormone AVP. The stimulatory effect of PGE 2 on AVP release appears to be direct since this effect was observed in isolated rat posterior pituitary fragments (8) and in the guinea pig hypothalamo-neurohypophyseal complex (HNC) (11) in cultures. Along this line, in the explants of HNC, indomethacin reduces the release of AVP in response to hypertonic treatment without affecting baseline values (11) . In vivo studies report that pretreatment with systemic administration of indomethacin attenuates the AVP response to histamine or endotoxin (LPS) (24) . Consistent with these observations, we found that mPGES-1 KO mice had normal AVP concentrations at baseline but lacked a response to WD of AVP release. These findings suggest that mPGES-1-derived PGE 2 may serve as a major mediator of AVP release in response to WD while the basal production of AVP may be regulated by other factors such as histamine (24) .
The biological action of PGE 2 is mediated by G proteincoupled E-prostanoid receptors designated EP 1 , EP 2 , EP 3 and EP 4 (2) , and these four subtypes of EP receptors couple to distinct signaling pathways. Among the four EP subtypes, EP 1 is reported to play an important role in the regulation of AVP release from the hypothalamus (21) . EP 1 deletion did not affect plasma levels of AVP at baseline but abolished the response of plasma AVP to WD, an observation almost analogous to our finding. Together, it is likely that mPGES-1-derived PGE 2 via EP 1 mediates the central response of AVP during WD. However, it is important to note that despite the similar changes in the AVP response observed in mice lacking the PGE synthase and EP 1 receptors, the changes in urine concentration between the two strains of null mice are completely opposite, with urine concentration being enhanced in mPGES-1-null mice but reduced in EP 1 -null mice. The reason for this phenomenon is unclear but may reflect differences in the renal response to WD. In support of this notion, renal expressions of V 2 receptors and AQP2 were elevated by mPGES-1 deletion but unaffected by EP 1 deletion, suggesting involvement of EP subtypes other than EP 1 receptors in the inhibition of AVP-stimulated water permeability in the CD. The inhibitory effect of PGE 2 on AVP-stimulated water reabsorption and cAMP production in cortical collecting ducts is partially reversed by an inhibitor of protein kinase C (10), suggesting the requirement of a calcium signal. Besides EP 1 receptors, EP 3 receptors are a candidate EP subtype which may signal via elevation of intracellular calcium to inhibit the action of AVP. However, EP 3 -null mice concentrate and dilute their urine normally in response to WD and water loading, respectively, arguing against a major role EP 3 receptors may play in modulation of the action of AVP. Of interesting note, EP 4 receptors are also expressed in the CD (13) , and activation of EP 2 /EP 4 receptors in this nephron segment increases trafficking and ser-264 phosphorylation of AQP2, enhancing urine concentration (32) . We suspect that the net effect of mPGES-1 deletion may depend on the balanced effects of EP 2 /EP 4 vs. EP 1 /EP 3 receptors on water transport.
In the present study, mPGES-1 gene deletion completely abolished WD-induced urinary PGE 2 excretion, supporting mPGES-1 as a dominant source of increased renal PGE 2 synthesis during WD. This notion is compatible with the reports that deletion of neither mPGES-2 nor cPGES affected PGE 2 synthesis in vivo. We subsequently examined renal medullary expression of COX-1, COX-2, mPGES-1, mPGES-2, and cPGES following WD. Interestingly, increased expression was only observed for COX-2 but not the rest of the enzymes. These results suggest that the regulatory process of WD-induced renal PGE 2 synthesis may be primarily determined by COX-2 although mPGES-1 is required for PGE 2 synthesis.
In summary, the present study examined urine concentrating capability of mPGES-1-null mice following WD. The null mice exhibited enhanced urine concentrating capability and are more effective in preserving plasma volume. Paradoxically, the response of plasma AVP is blunted in these mice. These findings suggest distinct roles of central and peripheral mPGES-1 in regulation of urine concentrating mechanism.
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